Abstract: A Photonic Crystal (PC) surface fabricated upon a quartz substrate using nanoimprint lithography has been demonstrated to enhance light emission from fluorescent molecules in close proximity to the PC surface. Quartz was selected for its low autofluorescence characteristics compared to polymer-based PCs, improving the detection sensitivity and signal-to-noise ratio (SNR) of PC Enhanced Fluorescence (PCEF). Nanoimprint lithography enables economical fabrication of the subwavelength PCEF surface structure over entire 1x3 in 2 quartz slides. The demonstrated PCEF surface supports a transverse magnetic (TM) resonant mode at a wavelength of λ = 632.8 nm and an incident angle of θ = 11°, which amplifies the electric field magnitude experienced by surface-bound fluorophores. Meanwhile, another TM mode at a wavelength of λ = 690 nm and incident angle of θ = 0° efficiently directs the fluorescent emission toward the detection optics. An enhancement factor as high as 7500 × was achieved for the detection of LD-700 dye spin-coated upon the PC, compared to detecting the same material on an unpatterned glass surface. The detection of spotted Alexa-647 labeled polypeptide on the PC exhibits a 330 × SNR improvement. Using dose-response characterization of deposited fluorophore-tagged protein spots, the PCEF surface demonstrated a 140 × lower limit of detection compared to a conventional glass substrate. 
Introduction
Fluorescence has emerged as the most widely used imaging and detection technique in life science research, disease diagnostics, and genomic/proteomic research tools due to its excellent sensitivity and specificity as well as the low cost and flexibility of the method [1] . Detection of single fluorophores is becoming routine for techniques that can confine illumination to small volumes in order to avoid excitation of fluorescent tags or autofluorescent materials that are not confined to an assay surface. These techniques include confocal microscopy [2] , total internal reflection microscopy (TIRF) [3] , and two-photon excitation microscopy (TPEM) [4] . The ability to detect weak fluorescent signals above background autofluorescence is especially important for detection of biomolecular analytes that are present at very low concentrations (DNA sequencing [5] , gene expression microarrays [6] , and protein biomarker immunoassays [7] ) and cell imaging. To maximize the sensitivity of the fluorescence technique, a variety of nano-patterned structures including metal coated slides, plasmonic gratings, 2D photonic crystals and nanoantenna, have been studied for the purpose of enhancing the fluorescence output [8] [9] [10] [11] . Unlike confocal microscopy or TIRF microscopy, these approaches seek to use the nanostructure to enhance the electric field intensity experienced by the surface-bound fluorophores, so as to provide a "gain" mechanism that is not present upon an ordinary surface. Such surfaces have also been shown to incorporate additional signal enhancement mechanisms that include increased particle extinction coefficients, reduced fluorescence lifetimes, and directional emission [12] [13] [14] [15] [16] . An extensive literature has evolved since pioneering work in the field several decades ago [17] [18] [19] and numerous reviews exist summarizing recent progress [20, 21] .
While metal-based nanostructures primarily use surface plasmons to provide enhanced surface-bound electric fields, plasmon resonances provide limited field enhancement due to their low quality factor and losses in metal that occur at optical wavelengths. Further, fluorophore emission quenching occurs for molecules within <10 nm [21] of a metal surface, resulting in a requirement for spacer layers that have restricted wide adoption of plasmonbased approaches. Dielectric-based optical resonators are capable of providing a high quality factor, and therefore are capable of providing higher electric field enhancement. Dielectric resonators, including PC surfaces [22] , have been demonstrated not to quench fluorophores, while enabling direct illumination through their substrate due to their optical transparency.
A one dimensional surface PC structure comprised of a low refractive index periodic surface grating coated with a high refractive index dielectric thin film has been extensively studied due to its application as an optical filter, narrow bandwidth mirror, label-free biosensor and others [23] [24] [25] . Use of PC surfaces for fluorescence emission enhancement applications through the use of narrowband resonant modes at specific wavelengths has also been demonstrated. Electric fields associated with resonant reflection, confined within the PC and evanescent into the adjacent media are strongly enhanced with respect to the electric field of the external illumination source [26] . By spectrally aligning a PC resonant mode with the laser used to excite fluorescent dyes, one can achieve an increase in the emission intensity of the dye in comparison to the same fluorophore excited on a plain glass surface. This has an advantage of enhancing the fluorescence of molecules only close to the surface, while not enhancing fluorophore sources in bulk solution or within the device substrate. Previous publications have demonstrated the use of PCEF with the resonant mode spectrally overlapping the laser wavelength to excite fluorescent dyes [27] , and, at normal incidence illumination, a PC with a resonant mode at λ = 632.8 nm producing a 60-fold magnification of cyanine-5 (Cy-5) signal compared to an ordinary glass substrate [28] .
Our previous results with PCEF have been obtained using a polymer grating structure produced by the nanoreplica molding technique [29] on flexible plastic substrates. Fluorescent detection limits of PCs incorporating polymer materials has been limited by the fluorescence background (autofluorescence) signal produced by the plastic substrate and polymer grating. It is well known that plastic materials show significant autofluorescence when excited by near-UV or even visible radiation [30] [31] [32] , with autofluorescence increasing as the illumination source photon energy is increased. This phenomena was demonstrated clearly in a recent publication, in which a PCEF surface designed for multiple excitation wavelengths (λ = 532 -633 nm) showed best signal-to-noise sensitivity performance for longer excitation wavelengths, however the detection limit for short excitation wavelengths was limited by substrate autofluorescence [33] . Meanwhile, a great deal of research activity is directed towards developing new plastic substrates with lower autofluorescence [34] [35] [36] . PMMA, PDMS, Topas and Zeonex have been shown to have lower autofluorescence compared to other plastic materials and have been identified for potential applications in high throughput screening devices that rely on fluorescence detection. Despite these efforts, no polymer material provides autofluorescence comparable to quartz.
The use of quartz surfaces for PCEF applications has been limited by the requirement to produce surface structures with subwavelength dimensions over surface areas large enough to encompass entire DNA microarrays or protein microarrays, which are usually performed on substrates as large as standard microscope slides (1 × 3 in 2 ). Conventional lithography methods, such as e-beam lithography and DUV lithography, are either too expensive or low throughput to produce subwavelength structures over such large surface areas. In order to address this issue, "step-and-flash" nanoimprint lithography (NIL) tools (Molecular Imprints, Inc.) can be employed to fabricate subwavelength grating structures on quartz substrates [37] [38] [39] [40] .
Step-and-flash imprint lithography (SFIL) has been successfully demonstrated for hard drive disks, LEDs, and CMOS manufacturing. SFIL is capable of producing patterns with feature sizes less than 20 nm. In the SFIL process, a template with a pre-defined pattern is pressed into UV-curable liquid over a substrate. Once exposed to UV light, the liquid is cured, and after separation, a replica of the pattern on the template is imprinted into the solidified polymer surface. A step and repeat procedure is used to replicate the pattern over the entire substrate surface. After SFIL patterning, reactive ion etching (RIE) is used to transfer the imprinted pattern into the substrate. Using this approach, we have fabricated one dimensional grating structure with a period of 400 nm upon quartz wafers as large as 8 inches in diameter.
In this paper we demonstrate and characterize a quartz-based PCEF substrate produced using SFIL nanoimprint lithography. The device design is described in Section 2, and the fabrication process is detailed in Section 3. Section 4 characterizes the performance of the PCEF surface, demonstrating low autofluorescence and strong fluorescence signal enhancement when the device is illuminated by a λ = 632.8 nm laser at the resonant angle. An enhancement factor as high as 7500 × was achieved. Using the PCEF surface, the detection of dye labeled peptide is shown in Section 5. The surface is capable of lowering the detection limit of this analyte by a factor of 140 × .
PCEF surface design
The PCEF structure supports resonant modes at a specific combination of wavelength and angle of incidence [41] . The near field intensity associated with the resonant modes is strongly enhanced with regard to the field intensity of excitation light. The enhanced near field on the surface of the substrate can amplify the emission intensity from target fluorescent molecules. A cross-sectional diagram (not to scale) of the PCEF surface that was fabricated is shown in Fig. 1 . The subwavelength grating is formed on the surface of the quartz with a refractive index of n sub = 1.456. A layer of a high refractive index (n TiO2 = 2.35) dielectric material with a specified thickness (t TiO2 ), is subsequently deposited over the grating structure. The periodic modulation of the grating, which satisfies the second order Bragg condition, allows for phasematching of an externally incident beam into resonant modes. The high refractive index layer functions as a light confinement layer that supports and intensifies electric field that extends from the device surface into the surrounding medium. The wavelength, angle of incidence, bandwidth, and efficiency of the PCEF surface is determined by the geometry of the structure as described in previous publications [22, 42] . By adjusting the PC geometric parameters, including the grating period (Λ), grating depth (d), duty cycle (f), thickness and refractive index of the dielectric coating, a PCEF surface can be designed to efficiently interact with the absorption and emission spectra of specific fluorescent dye molecules. In this study, the PCEF surface was designed to enhance the emission from fluorescent dyes which have an absorption band at λ ex = 632.8 nm and an emission band near λ em = 690 nm. The detection instrument is equipped with a HeNe laser (λ = 632.8 nm) as the excitation source and an emission filter with a center wavelength of 690 nm and bandwidth of 40 nm. A PC structure usually supports two orthogonal modes: transverse electric (TE) polarized and transverse magnetic (TM) polarized. Compared to TE modes, the resonant modes associated with TM polarization have higher Q-factor, resulting in stronger field intensity near the device surface. Therefore, the PCEF surface was designed to have one TM mode at λ ex = 632.8 nm which spectrally matches with the excitation laser wavelength for near field enhancement, resulting in "enhanced excitation." Meanwhile, aother TM mode at λ em = 690 nm, which spectrally overlaps with the pass band of the emission filter was used to direct the emitted photons towards the detection optics to obtain an "enhanced extraction" effect [42] . Fluorescent output efficiently coupled into the second TM mode exhibits an angle dependent emission. In most fluorescent microscopes and confocal fluorescent scanners, the collection optics are placed perpendicular to the substrate surface. In order to direct the emitted photons toward the collection optics, the TM mode (λ em = 690 nm), which is responsible for enhanced extraction, is designed with a resonant angle θ em = 0°. A commercially available electromagnetic simulation package (DIFFRACTMOD, RSoft Design) was used to aid the design of the PCEF surface with multiple TM modes with precisely defined wavelength/angle coupling conditions. This simulation tool implements rigorous coupled-wave analysis (RCWA) and can output diffraction efficiency in terms of wavelength or field distribution in the computation domain at a specific wavelength. For the PC structure, transmission efficiency minima (or reflection efficiency maxima) in the calculated spectra was used to identify the resonant mode. RCWA simulation results stipulated the use of a structure with a period of Λ = 400 nm, grating depth of d = 40 nm, duty cycle f = 50%, and TiO 2 thickness of t TiO2 = 160 nm. For this design, the transmission efficiency of the TM resonant mode was calculated in the wavelength range of 600< λ<800 nm and the incident angle was varied from 0° <θ< 20°. By plotting transmission spectra, Fig shows the spatial distribution of the simulated near-field electric field intensity (normalized to the intensity of incident field) within one period of the PC structure for resonant wavelength λ ex = 632.8 nm and resonant angle of θ ex = 10.8°. The influence of the resonance phenomenon on the resulting near-fields is clearly manifested in the electric field intensity. At θ em = 0°, the upper band edge with λ em = 690 nm is used for enhanced extraction (shown in Fig. 2(a) ). The enhanced extraction effect offers the possibility of efficiently collecting fluorescent emission using a low numerical aperture (NA) lens. Our fluorescence detection instrument is installed with a microscope objective with NA = 0.1. This low NA objective can only accept light within an angular acceptance cone of 5.7° and thus offers additional benefit in the fluorescent signal detection. Since the designed excitation angle θ ex = 10.8° is much larger than 5.7°, the excitation beam will not be visible to the detection system. This feature of the detection instrument is extremely important for obtaining low background intensity measurements because a small fraction of excitation light coupled into detection optics can pass through the emission filter, thus compromising signal-to-noise performance.
PCEF surface fabrication
The subwavelength grating surface (1 × 3 in 2 ) was prepared by nano-imprint lithography using the SFIL process, performed on a commercially available tool (Molecular Imprint Inc. Imprio-55) [43] [44] [45] . The template used for the imprint was patterned with the grating structure within an area of 9 × 9 mm 2 by e-beam lithography and RIE [46, 47] . Ultra-low autofluorescence quartz wafers (4 inch diameter) were chosen as an imprint substrate. Before imprinting, the quartz wafers were pre-cleaned in Piranha solution for 1 hr. and then washed in Spin-Rinse-Dry (SRD 19A Verteq Process Systems Development) for 1 hr. to remove particles.
Details of the fabrication processes are illustrated in Fig. 3 . For the purpose of planarization, the substrate was pre-coated with Transpin (Molecular Imprints Inc.) and hard baked for 60 sec. on a hotplate at 160 °C to produce a 60 nm thick film. As shown in Fig. 3(a) , imprint resist (MonoMat, Molecular Imprint Inc.) was dispensed onto the substrate. The dispense pattern and volume was precisely controlled so as to fill the template shape with minimum protrusions out of the imprint area and to have a uniform base layer thickness. The template was then slowly pressed against the dispense pattern on the substrate for 70 sec. followed by UV exposure to cure the MonoMat for 20 sec. to produce a solidified polymer. After UV cure, the template was released from the imprint resist by applying a pulling force. After the imprint, the grating pattern was transferred into imprint resist with a base layer thickness of ~60 nm. The release of the template from the imprint resist after the UV exposure was facilitated by pre-treatment of the template with an anti-adhesion monolayer (RelMat, Molecular Imprints, Inc.). This imprint process was repeated in a series of die within an x-y grid to cover the entire quartz wafer surface.
After the imprint, RIE was used to transfer the imprinted pattern into the quartz substrate. In order to improve fidelity, the imprinted wafer was coated with a silicon-or silixanecontaining polymer layer (SilSpin, Molecular Imprint Inc.) at 3,000 rpm and baked on a hotplate at 200 °C for 90 sec. (Fig. 3(d) ). As shown in Fig. 3(e) , during oxygen RIE, the Silspin surface forms a SiO 2 layer which functions as a high selectivity mask for the etching of MonoMat and Transpin. To etch back SilSpin, RIE was performed with 30 sccm of CHF 3 and 2.7 sccm of O 2 at a chamber pressure of 35 mTorr. This etching step is precisely timed so as to expose imprint resist at the end of the SilSpin etch. Using Silspin as an etching mask, the imprint resist and TranSpin layers were etched by an anisotropic RIE with 12 sccm of Ar and 2.7 sccm of O 2 in order to expose the quartz substrate. Finally, a RIE with CF 4 was used to transfer the grating pattern into the quartz wafer. After this, the wafer was cleaned by Piranha to remove all residues of the imprint polymers. The substrate was then cut into two standard microscope slides (1 × 3 in 2 ) by a dicing saw (600 Series, Disco Corporation). The RF sputter (PVD 75, Kurt J. Lesker) with a ceramic TiO 2 target was used to coat 160 nm of TiO 2 on top of the imprinted grating structure. 
A scanning electron microscope (SEM) image of the top view of the fabricated quartz grating is presented in Fig. 4(a) . It is evident from the SEM image that the sidewalls of grating are free from debris and essentially vertical. An atomic force microscope surface profile of the imprinted structure after the TiO 2 deposition is shown in Fig. 4(b) . The geometric dimensions (grating period of Λ = 402 nm and grating depth of d = 44 nm) match closely with the design dimensions. Figure 4 (c) shows a photograph of the PCEF surface in a standard 1 × 3 in 2 microscope slide format with 21 imprint replicas. The slides show excellent uniformity across the entire area. Capable of accurately reproducing subwavelength feature sizes over a large range, the NIL process reported here is well suited for mass production of PCEF surfaces.
Device characterization
Several experiments were conducted to characterize the transmission spectrum, autofluorescence intensity, enhanced excitation, and directional emission properties of the PC sensor. 
Transmission spectrum of PC sensor
In order to measure the resonant wavelength and angle of the fabricated device, the wavelength transmission spectra were collected by illuminating the PC with a TM polarized broadband light from a halogen lamp and analyzing the transmitted spectrum, using a spectrometer (HR2000, OceanOptics) coupled to an optical fiber. The blue curve in Fig. 5(a) shows the transmission spectrum taken at normal incidence (θ = 0°), with full width at half maximum (FWHM) of ~1 nm. Designed as a mode for enhanced extraction, this mode has a resonant wavelength of λ em = 689.7 nm which entirely overlaps with the pass band of the emission optical filter of the detection instrument. In Fig. 5(a) , the red curve shows the transmission spectrum at the incidence angle of θ r = 11.4°. At this angle, the resonant wavelength exactly matches the excitation laser wavelength of 632.8 nm with FWHM of ~4 nm. Compared to the normal incidence case, off-normal resonance modes are more sensitive to beam divergence. Since the setup here used a fiber coupled broadband light, the incidence beam at 11.4°diverged reducing the coupling efficiency and leading to the poor contrast in Fig. 5(a) . The resonant angle (θ r ) was also identified by illuminating the device with a TM polarized HeNe laser (35 mW), tuning the angle of incidence, and recording the transmitted light intensity. The illumination spot size was ~3 mm in diameter. The measured angle spectrum is shown in Fig. 5(b) with FWHM θ = 0.3°. To fully take advantage of the enhanced excitation effect, the angle of incidence needs to be well tuned to efficiently couple the excitation light into the resonant mode at θ r = 11.4°. A PC enhanced fluorescence microscope (PCEFM) developed by our group and described fully in a previous publication [48] , was used to perform the angle tuning. When the illumination angle was tuned to θ r , the fluorescent images were taken.
Autofluorescence characterization of the quartz PCEF surface
Reducing the fluorescent emission from the sensor substrate is critical for the detection of fluorescent tags present at low concentration. The flame-fused quartz substrate (University Wafer) used in this experiment exhibits ultra-low autofluorescence when excited by a red laser source. The autofluorescence level of the quartz substrate was compared to a commercial glass slide and a PCEF surface fabricated by replica molding on a plastic substrate [17] . Glass slides and the polymer-based PC surfaces are currently the most commonly used substrates for surface-based fluorescent assays. The polymer-based PC and quartz-based PC have resonant modes at λ ex = 632.8 nm with the resonance angle at 13° and 11.4°, respectively. Before the measurements, all devices were cleaned in oxygen plasma for 5 min. to remove possible organic contaminations. All devices were measured using the fluorescent detection setup described in [48] . A 35 mW HeNe laser was employed as the excitation source; a 20 × objective (NA = 0.4) was used to collect the autofluorescnece signal; the λ = 690 ± 20 nm emission filter was applied to block laser light from reaching the CCD camera in the detection instrument. All the images were taken at 1.2 sec integration time. Figure 6 shows the autofluorescence for the glass slide, polymer-based PC and the quartz-based PC for illumination angles between 0° and 16°. The glass slide sample showed a nearly constant autofluorescence signal of ~50 cts. The polymer-based PC sensor exhibited strong background fluorescence near the resonant angle of 13° due to PC enhancement of autofluorescent material in contact with the resonant mode. The quartz-based PC showed background fluorescence as low as 15 cts., which is 15 times lower than the polymer-based PC onresonance and 5 times lower than the glass slide. In Fig. 6 , we observe that the quartz based PC did not show a peak in autofluorescence corresponding to the on-resonance condition. We understand that this is due to the lack of autoflourescence coming from the quartz substrate. The PC on-resonance excitation will only enhance signal coming from sources within ~100-150 nm from the device surface. Hence, even on-resonance, this enhancement in the autofluorescence signal is hard to distinguish from the noise in the PCEFM.
Enhanced excitation and extraction
A simple testing scheme was developed to characterize the signal enhancement capability of the PCEF surface. A fluorescent dye (LD-700, Exciton, Inc) with a peak absorption wavelength of 647 nm and a peak emission wavelength of 673 nm was doped in SU-8 (n SU8 = 1.58) and spin-coated onto the PC surface [9] . The SU-8 host medium was prepared by mixing SU-8 2000.5 with SU-8 thinner (Microchem Corporation) at a volume ratio of 1:12. The LD-700 dye molecules were first dissolved in methanol at 10 6 M (538 ng/ml) and then mixed with diluted SU-8 solution at a volume ratio of 1:2. The LD-700 doped SU-8 solution was then spin coated onto the PC surface at 5000 rpm for 30 sec and then air dried. The coated film thickness was measured as ~50 nm by ellipsometer. The deposition of dye-doped SU-8 film causes a resonant angle shift of 3.5° due to the shift in the resonant wavelength, as the film slightly increases the effective refractive index of the resonant mode. The dye/polymer coated PCEF surface was tested using the PCEF microscope instrument, which illuminates the surface from beneath the structure with collimated light that can be swept rapidly through a range of incident angles [48, 49] . The system incorporates a TMpolarized HeNe laser, while the emission is collected by a 0.1 NA objective (positioned above the device), filtered by a 690 ± 20 nm emission filter, and measured by an electron multiplied CCD (EMCCD) camera. By varying the angle of incidence from 10° to 20° in increments of 0.02°, the emission intensity was recorded as shown in Fig. 7 . The images were taken with an integration time of 30 msec. At the resonant angle (θ r = 14.88°), the measured fluorescent intensity is ~45,000 cts.. Off-resonance illumination (θ = 20°), resulted in a fluorescence signal of only ~45 cts.. The enhancement factor of the PCEF surface was calculated by subtracting the background from the signals and dividing the on-resonance net signal by the off-resonance net signal. An enhancement factor of 1500 × was obtained, representing the effects of enhanced excitation only.
Using the same sample, the enhanced extraction effect was also studied with PCEF microscope, the LD-700 coated PC was illuminated at an off-resonance angle (θ = 20°) with the TM polarized HeNe laser. To characterize the enhanced extraction effect, an integration time of 1.2 sec was used for the EMCCD camera because the fluorescent intensity from the glass control was too low to be detected when integration times of <100 msec were used. A background subtracted off-resonance fluorescent intensity of 10940 cts. was collected by the NA = 0.1 objective for the PCEF surface. A glass control with LD-700 coated at the same concentration under similar conditions was also studied using the PCEF microscope under the same conditions. A background subtracted fluorescent intensity of 2050 cts. was collected by the NA = 0.1 objective for the glass control. The ratio of background subtracted off-resonance signal and the background subtracted glass control signal gives the extraction enhancement factor of the device. From the above data, the PCEF surface gave a factor of 5 × for enhanced extraction. A combined enhancement factor, (defined as the product of the enhanced excitation and the enhanced extraction factors) of 7500 × was calculated for the device for the given concentration of LD-700. This enhancement factor represents the maximum achievable enhancement that can be obtained when fluorescent material is allowed to fill a ~50 nm thick volume that conforms to the corrugated PC surface, with no spacer materials between the fluorescent layer and the PC surface for the demonstrated design of the PCEF surface. The addition of the ~50 nm SU8 layer results in a 10% increase of the Q-factor of the PC and thus increases the enhancement factor by ~10%. Addition of biomolecular layers to the bare PC results in approximately the same effect. As we will show, detection of fluorescent-tagged biomolecules results in lower total enhancement factor, as fractional monolayers of proteins with ~1 dye molecule each do not fill the evanescent field volume with dye as efficiently as the SU8-doped layer.
A short study was done to look at the enhanced extraction effect on the PC by looking at the angle and wavelength-resolved emission plot of the fluorescence. The measurement setup designed to collect and analyze the fluorescent intensity as a function of the angle of collection comprised of an optical fiber mounted on a collimator with the acceptance range for the angles between 0° and 0.3°. In order to show that enhanced extraction only depends upon the emission peak of the fluorophore, a different dye, LDS-720 (λ abs = 529 nm, λ em = 699 nm) was used as the flourophore doped in SU8 film. A diode pumped green laser (λ = 532 nm; 300 mW) was used as the excitation light source. The green laser beam was used to illuminate the sample surface at a fixed angle of incidence (θ = 0°) and the dye emission was collected by an optical fiber mounted with a collimator. The emission spectra were sampled and analyzed by the spectrometer with exit angles between 0° to 9° at increments of 0.25°. Figure 8 shows an angle and wavelength-resolved emission plot of the fluorescence as collected by rotating the fiber probe relative to device surface. The detection window of the PCEF microscope was defined as 680<λ<720 nm and an angle range of 0° to 5.7°, corresponding to the collection window of the NA = 0.1 collection lens used in our microscope (as labeled in Fig. 8 ). Within this window, 77% of the fluorescence is gathered, which is ~9 × higher than the fluorescent intensity that is gathered by the same experiment performed upon a conventional glass substrate. This factor was calculated by assuming that the fluorescent emission on a glass is spherically symmetric. Also, one can see a strong peak at λ = 690 nm at an exit angle of 0°. As mentioned previously, this TM peak is used to couple the emission of the fluorescent molecules and direct it towards the collection optics.
Detection of dye labeled polypeptide
In order to demonstrate the enhancement in the SNR and lowering of the limit of detection of the analytes on the PCEF surface in the context of a multispot microarray assay, a detection experiment using a dye-labeled protein was performed. Spots of dye-labeled polypeptide with a range of dye concentrations were applied directly to the PCEF surface and a glass surface, and the fluorescence output of spots on each surface were compared in a dose-dependent manner. Both the PC surface and the glass slide were pre-cleaned with O 2 plasma for 3 min. and were further cleaned by sonication in acetone, isopropanol and deionized (DI) water and then dried under a nitrogen stream. Poly(Lys, Phe) conjugated with Alexa-647 (Invitrogen) at a range of concentrations was spotted onto the slides by a piezoelectric dispenser (Piezorray, Perkin Elmer) with a center-to-center separation of 500 µm and a spot radius of ~200 µm. After an incubation period of 50 min, the devices were washed by gently dipping them in DI water for 60 sec. Fluorescent images of the spots were then taken using the PCEF microscope. The Alexa-647 labeled polypeptide (PPL-Alexa 647) spots were excited with the TM polarized HeNe laser at the angle of incidence θ = 11.4° and the emission was collected with a NA = 0.1 objective, as described previously. The measured images were analyzed by image processing software (ImageJ). The net fluorescence intensity was calculated by averaging spot intensities over the 9 replicate spots minus the local background intensity.
The fluorescence images for both the PC and glass slide for four consecutive concentrations are shown side-by-side in Fig. 9 (images were plotted using the same grey scale). An integration time of 30 msec was used for all the images taken by the PCEF microscope. Representative line profiles generated by extracting fluorescence intensities from a single line of pixels through spots on the PC and glass images are also shown in Fig. 9 . For the concentration of 30µg/ml, the spots on the PC saturate at 65535 cts. (saturation limit of the CCD), while for glass slide the signal is 3150 cts.. For the concentration of 9.9µg/ml, the signal on the glass slide has already decreased to 80 cts. compared to the PC at 60000 cts.. This profile clearly illustrates amplification of the emission signal from the fluorophore on the PC surface. Table 1 summarizes the measured fluorescence enhancement for the four consecutive concentrations of PPL-Alexa 647 spotted on the quartz-based PC and separates the individual effects of enhanced excitation (measured as the ratio of fluorescence intensities for the PC illuminated on-versus off-resonance) and enhanced extraction (measured as the ratio of fluorescence intensities for the PC off-resonance versus the glass slide control). The trend of decreasing enhanced excitation for higher spot concentration arises because the optimal resonance angle for the 3.3 μg/ml spots was used as the illumination angle for the onresonance case for the spots of every concentration. Due to the narrow angular linewidth of the resonance used here (full-width at half-max = 0.3°) and because the optimal resonance angle shifts slightly higher with increasing spot density, the high-density spots are illuminated with a small angle offset from their true on-resonant state. As a more appropriate performance metric for fluorescence-based assays (as opposed to raw intensity enhancement numbers), SNRs are calculated from the optimized images for each PPL-Alexa 647 concentration spotted onto the PC and glass slide and are shown in Fig. 10 . The signal is background subtracted and noise is defined as the standard deviation of nine local background fluorescent spot intensities taken in each quadrant around the perimeter of each spot. The Limit of Detection (LOD) is defined as the concentration at which a SNR = 3 is obtained. SNR enhancement for the PC was found to be 330 × for the concentration (5 µg/ml) corresponding to the LOD on the glass slide. The LOD for the PC was found to be 35 ng/ml, which is 140 × times lower than that of the glass slide. The PC sensor will not only provide better SNR and lower LOD compared to glass but will also provide improved SNR and lower LOD when compared to an unpatterned quartz substrate. This is demonstrated by the enhancement in the signal due to extraction effect which will enhance the signal from the fluorophores on the PC surface and is independent of the excitation laser power. 0.3 (Glass spots not visible) 131 --* Net spot intensity for PC on resonance divided by net spot intensity for PC off resonance. † Net spot intensity for PC off resonance divided by net spot intensity for glass control. ‡ Net spot intensity for PC on resonance divided by net spot intensity for glass control.
The difference in the measured maximum enhancement factors between detection of a dye-tagged polypeptide (696 × ) and a conformal thin film of dye-doped polymer (7500 × ) can be explained by several factors. Most importantly, the SU-8 film performs optically as a wave confinement layer with high refractive index relative to the air medium, which can hold a greater proportion of the resonant mode within its volume than biomolecule monolayers surrounded only by a low refractive index air medium. The SU-8 film is able to apply a conformal volume that is uniformly filled with dye, and that can partially fill the grating grooves, thus resulting in efficient overlap between the physical space occupied by dye molecules and the volume occupied by the resonant electric field. The peptide layer, in contrast, is confined to a two-dimensional monolayer film that can conform to the PC surface structure, but that does not occupy substantial volume. Characterization of the enhancement factor is presented here using both methods to facilitate comparison with approaches that primarily report results using only dye-doped polymer films.
We have observed that enhanced excitation using the PC has an effect of increasing the rate of the photobleaching of the fluorophores on the surface. However, it has been recently shown [50] that for all practical experimental time frames, the fluorescence signal for the PC Limit of Detection Detection on-resonance will be higher than the fluorescence signal from an unpatterened glass substrate. Also, photobleaching is not an important issue for one-time scanning of DNA microarrays and protein microarrays.
Conclusions
This paper reports the design and fabrication of a PCEF surface that is fabricated upon a quartz substrate for low autofluorescence and high enhancement factors for simultaneous PC enhanced fluorophore excitation and PC enhanced fluorophore emission extraction. The PCEF surface gave a maximum enhancement factor of 7500 × for a ~50 nm thick layer of LD-700 (concentration of 538 ng/ml) doped SU-8 layer. Using dose-response characterization of deposited PPL-Alexa 647 spots of variable tagged molecule concentration, a SNR improvement of 330 × on the PC was demonstrated for the concentration corresponding to the LOD on an unpatterned glass surface. The LOD on the PC slide was lowered by 140 × compared to the LOD of PPL-Alexa on the glass control.
The PCEF surface can be used to provide lower detection limits for broad classes of surface-based fluorescent assays for applications that include DNA microarrays for quantification of gene expression, protein microarrays for detection of disease biomarkers in blood, and next-generation DNA sequencing applications that utilize fluorescent tags.
